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I N T R O D U C T I O N
As the primary center of serotonin (5-HT) projections to the forebrain, the dorsal raphe nucleus (DR) is known for modulating the limbic system in response to stressors and for its putative role in stress-related mood disorders such as anxiety and depression. There is a topographical organization within the dorsomedial, ventromedial (vmDR), and lateral "wing" (lwDR) subregions of the DR such that subpopulations of neurons innervate distinct targets, receive disparate afferent input, and are likely to be differentially regulated in stressrelated pathology (Abrams et al. 2004; Johnson et al. 2004; Lowry et al. 2008; Michelsen et al. 2007) . A subregion that is poised to have a crucial role in the neural circuits that mediate the response to stressors is the lwDR, a subregion whose 5-HT neurons overlap with the ventrolateral periaqueductal gray ( Fig. 1 ) (Paxinos and Franklin 2001; Paxinos and Watson 1997) .
Several types of stressors, including exposure to an open field arena, social stress, swim stress, and interoceptive stressors along with several anxiogenic drugs activate topographically organized subpopulations of DR neurons, particularly within the lwDR subregion (Abrams et al. 2005; Berton et al. 2007; Chung et al. 2000; Gardner et al. 2005; Hale et al. 2008; Johnson et al. 2004 Johnson et al. , 2008 Martinez et al. 1998; Roche et al. 2003) . To our knowledge, there are few stressors that do not activate the lwDR. Gene markers of neuronal activation implicate the non-5-HT neurons of the lwDR in swim stress (Roche et al. 2003) ; however, recent studies revealed that 5-HT neurons are an important part of the swim stress-activated circuitry whose activation may be masked by 5-HT 1A receptor-mediated inhibitory feedback mechanisms (Commons 2008) . Interestingly, the majority of 5-HT neurons activated by swim stress are not located in the 5-HT-dense vmDR, but rather are found in the lwDR. Intravenous lactate induces panic-like responses in a rat model of panic disorder, but has little effect on control animals Shekhar et al. 2006 ). This mild stressor activates lwDR 5-HT cells in control animals but fails to activate lwDR 5-HT cells in the model of panic, implicating lwDR activation in the normative response to innocuous stressors (Johnson et al. 2008) .
Thus lwDR 5-HT neurons likely play a distinctive, crucial role in the response to stressors. However, because the vast majority of electrophysiological studies of 5-HT neurons target the midline DR, and especially the vmDR, surprisingly little is known about the physiology of lwDR 5-HT neurons. It is unclear whether the distinct role of lwDR 5-HT cells in stress-related circuits might be due to fundamental differences in neuron physiology. We hypothesized that there are intrinsic membrane properties of lwDR 5-HT neurons that distinguish them from vmDR neurons and that contribute to their activation by stressors. To the best of our knowledge, these experiments also represent the first characterization of membrane properties and 5-HT 1A autoreceptor-mediated responses of immunohistochemically identified 5-HT cells in the mouse DR. Part of this work was previously presented as an abstract (Crawford and Beck 2008) .
M E T H O D S

Animals
Adult male 5-HT-YFP mice or their wild-type littermates were used at 2-4 mo of age. These mice contain 5-HT neurons that express yellow fluorescent protein (YFP) under the control of the 5-HT specific Pet-1 promoter (Scott et al. 2005) . The mice are on a background containing predominantly C-57/Black6. Mice were housed in a standard animal facility with lights on 06:00 to 18:00. Animal protocols were approved by the Institutional Animal Care and Use Committee and were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Whole cell electrophysiology
Electrophysiology recordings were conducted as previously described (Beck et al. 2004) . In brief, mice were killed using decapitation. While submerged in a cold artificial cerebrospinal fluid (aCSF) solution, in which NaCl is replaced with sucrose (248 mM), the midbrain was rapidly dissected, blocked, and cut with a Leica VT1000s vibratome (Leica Microsystems, Bannockburn, IL), to generate 200 m thick brain slices. Slices were maintained in aCSF bubbled with 95% O 2 -5% CO 2 at 36°C for 1 h and then at room temperature until used. Individual slices were then placed in a recording chamber and continuously perfused with 32-34°C aCSF solution bubbled with 95% O 2 -5% CO 2 , with a solution flow rate of 1.5-2 ml/min. Neurons were visualized using Nikon E600 (Optical Apparatus, Ardmore, PA) upright microscope fitted with a ϫ40 waterimmersion objective, differential interference contrast, and infrared filter. Ventromedial and lateral wing DR 5-HT neurons were targeted based on expression of the YFP transgene and later confirmed based on the expression of the synthetic enzyme marker, tryptophan hydroxylase. To visualize YFP-positive 5-HT cells for recording, a fluorescent lamp and yellow-fluorescence filter were used. The image was generated on a computer monitor using a charge-coupled device camera and Nikon Elements software (Optical Apparatus). Whole cell recording pipettes fabricated on a P-97 pipette puller (Sutter Instrument, Novato, CA) had a resistance of 6 -10 M⍀ when filled with an intracellular solution of (in mM) 130 K-gluconate, 5 NaCl, 10 Naphosphocreatinine, 1 MgCl 2 , 0.02 EGTA, 10 HEPES, 2 MgATP, 0.5 Na 2 GTP, and 0.1% biocytin (pH 7.3). Recordings were collected on-line with a Multiclamp 700B amplifier, Digidata 1320 A/D converter, and Clampex 9.0 software (Molecular Devices, Union City, CA). Membrane properties of the cell were monitored, as was the access resistance of the patch pipette during recordings that lasted a minimum of 20 min. Any cell that showed physiological signs of instability or depolarizing resting membrane potential above Ϫ50 mV was excluded from data analysis. Reported values do not incorporate a junction potential of approximately ϩ15 mV, as calculated using Clampex software. Composition of the aCSF was (in mM): 124 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 2.0 MgSO 4 , 2.5 CaCl 2 , 10 dextrose, and 26 NaHCO 3 . Following the experiment, DR slices were fixed for 2-3 h with 4% paraformaldehyde and processed for immunohistochemical detection of tryptophan hydroxylase (TPH) and the biocytin-filled, recorded cell.
In vitro extracellular electrophysiology
Raphe slices from 5-HT-YFP mice were prepared and visualized as described earlier. YFP-labeled neurons were targeted with extracellular pipettes fabricated on a Sutter Instrument pipette puller and filled with 150 mM NaCl. The electrode was visually placed on top of the YFP neuron. Firing activity was restored to 5-HT neurons using bath application of 1 M phenylephrine HCl. Any neurons with unstable firing rates over the course of the experiment were deemed unhealthy and excluded.
Data analysis
Current clamp recordings using visualized whole cell patch clamp techniques were analyzed using Clampfit 9.0 (Molecular Devices). Resting membrane potential (RMP), action potential (AP) threshold, AP duration, afterhyperpolarization (AHP) amplitude, and the time it takes for the AHP to depolarize to one-half its peak amplitude (AHP t 1/2 ) (Paxinos and Watson 1996) . Numbers indicate rostrocaudal level used for correlative analysis. Aq, aqueduct; DRC, dorsal raphe, caudal part; lwDR, lateral wing of the DR; vlPAG, ventrolateral periaqueductal gray; vmDR, ventromedial DR.
were measured directly from traces as previously described (Beck et al. 2004) . A voltage-current (V-I) graph was generated using current pulses ranging from Ϫ100 to 0 pA. Membrane input resistance (IR) was determined from the slope of the linear portion of the plot of the peak voltage induced by each current step. Frequency-intensity plots were obtained by measuring the number of action potentials generated by depolarizing current steps ranging from 0 to ϩ80 pA in 20 pA increments. Average firing rate (Hz) was determined by the number of APs generated over the 630 ms current pulse. Gain was determined from the slope of the frequency-intensity plot. The time constant tau was obtained from an exponential fit of the membrane potential during the first 300 ms of a Ϫ20 pA hyperpolarizing current pulse. AP and AHP characteristics were determined from action potentials generated by injecting just enough current through the recording electrode to elicit a single action potential. AP amplitude, AP duration, and AHP amplitude were measured in relation to the AP threshold. AHP t 1/2 is the duration of the AHP measured from its peak to half-amplitude. In experiments using CdCl 2 , AP duration was determined at halfamplitude. 5-HT 1A R-mediated responses were measured with current clamp recordings using 400 ms, Ϫ30 pA current pulses at 10-s intervals to monitor resistance along with changes in membrane potential. Data generated by extracellular recordings were analyzed using the Mini Analysis Program (Synaptosoft, Decatur, GA). Reported values are means Ϯ SE, unless otherwise noted; P values were generated using Student's t-test unless otherwise noted and P Ͻ 0.05 was deemed significant. Outlying values were included for the purpose of understanding the heterogeneity of 5-HT neurons. Any data that showed non-Gaussian distribution were compared using nonparametric statistical tests. Additional statistical analysis was performed using Prism (GraphPad Software, La Jolla, CA).
Immunohistochemistry
Immunohistochemical identification of each neuron recorded in patch clamp configuration was completed as previously described (Beck et al. 2004; Kirby et al. 2008; Lemos et al. 2006) . In brief, a standard immunohistochemistry protocol was used on 200 m thick slices using mouse anti-TPH (1:200, Sigma) along with secondary donkey anti-mouse Alexa Fluor 488 (1:200, Invitrogen) and streptavidin-conjugated Pacific Blue (1:100, Invitrogen). Images were captured using a Leica DMR fluorescent microscope (Leica Microsystems, Bannockburn, IL) and OpenLab 3.0.9 software (Improvision, Lexington, MA) and then confirmed on a Leica DMIRE2 confocal microscope (Leica Microsystems) using Leica confocal software (version 2.5, Leica Microsystems).
Drugs
All chemicals for making the sucrose aCSF, aCSF, and extracellular electrolyte solution were purchased from Fisher Scientific (Pittsburgh, PA). All chemicals for the intracellular electrolyte solution, 5-carboxamidotryptamine (5-CT), cadmium chloride, phenylephrine HCl, Under current clamp, 5-HT cells in the mouse showed passive and active electrophysiological properties resembling those reported in rat, including large input resistance, wide AP, large slow AHPs, and lack of spontaneous firing in brain slice preparations (Beck et al. 2004; Kirby et al. 2003; Marinelli et al. 2004; Vandermaelen and Aghajanian 1983) . In vmDR, as expected, there were a few distinctions between rat and mouse 5-HT neurons. Compared with the values reported in immunohistochemically identified vmDR 5-HT neurons in our previously published rat studies (n ϭ 33, Beck et al. 2004 ), vmDR 5-HT neurons of the mouse (n ϭ 19) differed in input resistance (637 Ϯ 32 M⍀ in rat vs. 419.5 Ϯ 34.3 M⍀ in mouse, P Ͻ 0.0001), tau (51 Ϯ 3.0 ms in rat vs. 23.4 Ϯ 1.9 ms in mouse, P Ͻ 0.0001), AP amplitude (69 Ϯ 1.4 mV in rat vs. 56.6 Ϯ 1.6 mV in mouse, P Ͻ 0.0001), and AHP amplitude (16 Ϯ 0.8 mV in rat vs. 29.3 Ϯ 1.6 mV in mouse, P Ͻ 0.0001). Current clamp recordings also revealed a small subset of confirmed 5-HT cells (5 of 19 vmDR and 3 of 17 lwDR cells) that departed from the classical description for 5-HT neurons and demonstrated an inward rectification current, visible in the nonlinear V-I plot in response to hyperpolarizing current steps (Supplemental Fig. S1 , A and B).
1 Another small subset of 5-HT neurons (2 of 19 vmDR cells) featured a delayed-onset inward rectification I h current (Supplemental Fig.  S1C ). The cell used to generate traces for Supplemental Fig. S1C was not included in other experiments. Previously, inward rectification currents and I h currents were reported in the rat vmDR, but only in non-5-HT neurons (Beck et al. 2004; Kirby et al. 2003) . The other passive and active membrane properties of these few 5-HT cells did not differ from other 5-HT neurons (data not shown); these neurons were therefore included in further analysis.
The electrophysiological characteristics of lwDR 5-HT neurons were compared with those of vmDR 5-HT neurons (Table 1 ). All measured parameters demonstrated a single Gaussian distribution with the exception of lwDR resistance, vmDR tau, vmDR AP duration, and vmDR gain, each of which contained 1 The online version of this article contains supplemental data. Values are means Ϯ SE; vmDR, n ϭ 19; lwDR, n ϭ 17. *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001. RMP, resting membrane potential; Res, resistance; AP Thr, action potential threshold; AP Amp, AP amplitude; AP Dur, AP duration; AHP Amp, afterhyperpolarization amplitude; AHP t 1/2 , AHP duration measured at half-height. one to two outliers. Thus comparisons of resistance, tau, AP duration, and gain were conducted using nonparametric tests. Lateral wing 5-HT neurons had a trend toward a larger membrane resistance compared with that of vmDR neurons (P ϭ 0.087, Mann-Whitney test) ( Table 1 , Fig. 2B ). This was consistent with the larger time constant (tau) observed in lwDR neurons (P ϭ 0.013, Mann-Whitney test) ( Table 1) .
There were also differences in active properties of the neurons, as measured from APs generated by current injection through the recording electrode. 5-HT cells of the lwDR showed the broad AP and large amplitude AHP, characteristic of 5-HT neurons (Beck et al. 2004; Kirby et al. 2003) (Table  1) . Notably, the APs of lwDR 5-HT neurons had a more hyperpolarized threshold of activation (P ϭ 0.011), larger amplitude (P ϭ 0.022), and longer duration (P ϭ 0.002, Mann-Whitney test) ( Table 1 , Fig. 2A ). Although the average RMP was comparable between the two subregions (P ϭ 0.301), the lower AP threshold in lwDR neurons resulted in a significantly lower difference between the resting membrane potential and the AP threshold (RMP-AP Thr), a measure we term "activation gap" (P ϭ 0.033) (Fig. 2C ). The AHP of lwDR 5-HT cells had a larger amplitude (P ϭ 0.034) and a longer duration, measured at half-amplitude (AHP t 1/2 , P ϭ 0.001, Table 1 ).
In 5-HT neurons, influx of Ca 2ϩ during the AP repolarizing phase results in a characteristic shoulder that increases AP duration (Aghajanian and Vandermaelen 1982; Vandermaelen and Aghajanian 1983) . In addition, increased intracellular Ca 2ϩ activates Ca-dependent K channels that shape the AHP of 5-HT neurons (Aghajanian 1985; Freedman and Aghajanian 1987) ; the amplitude and duration of the late component of the AHP are enhanced by calcium-induced calcium release (CICR) from intracellular stores (Pan et al. 1994 ). However, because electrophysiological characterization of 5-HT neurons has historically focused on midline raphe neurons in the rat, it is unknown whether Ca 2ϩ contributes to the AP and AHP in lwDR 5-HT neurons and whether the differences in the shape of lwDR AP and AHP from the vmDR neurons could be explained by a difference in calcium influx.
To test this, we assessed active membrane properties in vmDR and lwDR 5-HT neurons before and after bath application of the Ca-channel blocker CdCl 2 or apamin, a selective blocker of Ca-dependent small conductance K channels (SK channels). Occasional neurons demonstrated an obvious shoul- iii FIG. 2. Intrinsic membrane properties differentiate lwDR 5-HT neurons from vmDR 5-HT neurons. lwDR, lateral wings of the DR; vmDR, ventromedial DR. A: representative data traces from vmDR and lwDR neurons demonstrate changes in membrane potential in response to various input current steps (i, iv, scale bar 50 mV, 50 ms), whereas enlarged traces demonstrate the afterhyperpolarization (AHP, ii, scale bar: 20 mV, 20 ms) and action potential (AP, iii, scale bar: 20 mV, 2 ms). Graphs in B-E depict average characteristics (means Ϯ SE) for all recorded vmDR neurons (black, n ϭ 19) and lwDR neurons (gray with diagonal lines, n ϭ 17). B: there was a trend toward a larger membrane resistance in lwDR neurons. C: summary bar graph depicting resting membrane potential (RMP), AP threshold (AP Thr), and activation gap (RMP-AP Thr). AP threshold was lower in lwDR than that in vmDR, resulting in a smaller activation gap. D: frequency-intensity plots of vmDR and lwDR neurons demonstrate the increased excitability of lwDR neurons given 40, 60, or 80 pA of input current. *P Ͻ 0.05, **P Ͻ 0.01, 2-way ANOVA, Bonferroni posttest. Inset: the input current steps and current clamp traces used to generate frequency-intensity plots (scale bar: 50 mV, 50 ms). E: bar graph showing that the gain, i.e., slope of the frequency-intensity plot, was significantly greater in lwDR neurons. F: bar graph summarizing the effects of CdCl 2 and apamin on AHP amplitude (Amp) in vmDR (n ϭ 5) and lwDR (n ϭ 5) neurons. Two-way ANOVA revealed that the effect of the Ca-channel blockers on AHP amplitude was significantly larger in lwDR neurons than that in vmDR neurons. Also, the effect of CdCl 2 was significantly larger than the effect of apamin. *P Ͻ 0.05, Bonferroni posttest.
der during the repolarization phase of the AP and did show a reduction in AP duration in the presence of 100 M CdCl 2 (data not shown). However, there was no significant effect of CdCl 2 on average AP duration in either the vmDR (n ϭ 5, P ϭ 0.799) or the lwDR (n ϭ 5, P ϭ 0.184, Fig. 2F or Supplemental Fig. S2 ). Furthermore, the average AP duration of lwDR 5-HT neurons was still longer than that of vmDR neurons in the presence of CdCl 2 (1.8 Ϯ 0.1 ms, n ϭ 5 vmDR vs. 2.5 Ϯ 0.2 ms, n ϭ 5, lwDR, P ϭ 0.004). There was no effect of CdCl 2 on AP threshold or AP amplitude (data not shown). Likewise, 100 nM apamin had no significant effect on AP duration, AP threshold, or AP amplitude (data not shown).
The shape of AHPs was indeed modulated by Ca 2ϩ because the presence of either CdCl 2 or apamin decreased the AHP amplitude in both subregions, with significantly larger effects in the lwDR (Fig. 2F and Supplemental Fig. S2 , two-way ANOVA, P ϭ 0.0082, main effect of subregion). Irrespective of the subregion, the effect of apamin on AHP amplitude was significantly smaller than the effect of CdCl 2 (Fig. 2F , two-way ANOVA, P ϭ 0.0013, main effect of drug type). The effect of CdCl 2 was significantly greater in lwDR neurons than that in vmDR 5-HT cells (Fig. 2F , Bonferroni posttest, P Ͻ 0.05) such that the average AHP amplitudes of the two subregions were nearly equalized in the presence of CdCl 2 (18.3 Ϯ 1.6 mV in vmDR vs. 15.1 Ϯ 1.0 mV in lwDR, t-test, P ϭ 0.120). More specifically, the late component of the AHP mediated by CICR (Pan et al. 1994 ) was absent in both vmDR and lwDR neurons in the presence of the Ca-channel blockers (Supplemental Fig.  S2 ). In the vmDR a small amplitude early component of the AHP persisted, which was shorter in duration with a faster rise toward RMP than that observed in the control condition (Supplemental Fig. S2 ). This early component of the AHP was completely attenuated by CdCl 2 in the lwDR, but not by apamin ( Supplemental Fig. S2 ). Even a supramaximal concentration of apamin (300 nM) failed to recapitulate the effect of CdCl 2 on AHP amplitude (data not shown). Collectively, these data suggest that there are apamin-insensitive Ca channels that contribute to the AHP of 5-HT neurons and these channels may be more abundant in the lwDR.
These data confirm that, in the mouse, Ca 2ϩ influx contributes to the shape of the AHP in lwDR 5-HT neurons as it does in vmDR 5-HT neurons. The larger reduction seen in lwDR AHP amplitude produced by Ca-channel blockers parallels the larger AHP amplitude seen under baseline conditions and suggests an enhanced contribution of Ca 2ϩ to the shape of AHPs of lwDR neurons compared with vmDR neurons.
Frequency-intensity plots, constructed from the mean firing frequency in response to square current pulses of increasing amplitude, showed that lwDR 5-HT cells had steeper slopes (i.e., increased gain) than those of vmDR 5-HT cells (P ϭ 0.042, Mann-Whitney test, Fig. 2, D and E) . In addition, lwDR neurons demonstrated increased excitability compared with that of vmDR neurons, in that they reached higher firing rates given the same magnitude of input (Fig. 2D) . This difference was significant at current steps ranging from 40 to 80 pA (Fig. 2D) .
Pharmacologic blockade of synaptic input supports the intrinsic nature of distinctive membrane characteristics
The increase in excitability of lwDR 5-HT neurons is likely due to an array of active and passive membrane properties that are presumed to be intrinsic to the recorded neurons. However, in the slice preparation, 5-HT neurons receive both glutamatergic and GABAergic input (Lemos et al. 2006; Liu et al. 2000; Pan and Williams 1989) . It is unknown whether spontaneous synaptic input to 5-HT neurons may affect membrane characteristics. Thus we conducted an additional experiment to verify that differences between vmDR and lwDR membrane properties were indeed independent of synaptic input. We measured passive and active membrane properties after bath application of 10 M D-AP-5, 20 M bicuculline, 10 M CGP 55845, and 10 M DNQX to block synaptic input mediated by N-methyl-D-aspartate (NMDA), ␥-aminobutyric acid types A and B (GABA A and GABA B , respectively), and ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, respectively. After blockade of synaptic input, lwDR 5-HT cells maintained their differences in active and passive cell characteristics compared with vmDR neurons (Table 2) as well as their higher excitability in F-I plots (20 pA: 0.0 Ϯ 0.0 vs. 1.6 Ϯ 0.5 Hz, P ϭ 0.007; 40 pA: 0.0 Ϯ 0.0 vs. 3.5 Ϯ 1.1 Hz, P ϭ 0.005; 60 pA: 0.8 Ϯ 0.5 vs. 5.4 Ϯ 1.2 Hz, P ϭ 0.007; 80 pA: 2.12 Ϯ 0.8 vs. 6.7 Ϯ 1.7 Hz, P ϭ 0.007, vmDR vs. lwDR, respectively). Furthermore, there were no significant differences in passive membrane properties between synaptic blockade and the control condition in vmDR neurons (n ϭ 4) or lwDR neurons (n ϭ 5; data not shown). This suggests that the synaptic input that is present in the in vitro slice preparation cannot account for the increased excitability of lwDR 5-HT neurons and that differences in excitability are due primarily to the differences in their intrinsic membrane properties.
5-HT neurons of the lwDR demonstrate faster in vitro firing rates
The increased excitability of lwDR 5-HT neurons suggests that lwDR cells would have faster baseline firing rates in the intact brain. Although the noradrenergic input that drives DR 5-HT firing activity in vivo is severed in the slice preparation, we can examine 5-HT neuron firing rates in vitro using ␣ 1 -adrenergic agonists (Vandermaelen and Aghajanian 1983) . Extracellular recordings of YFP-labeled 5-HT neuron AP firing rates were obtained in raphe slices following bath application of 1.0 M phenylephrine HCl (Fig. 3) . In the vmDR, 5-HT neurons fired at a rate of 1.1 Ϯ 0.3 Hz (n ϭ 7, Fig. 3 ), which is consistent with several reports of in vivo firing rates of vmDR 5-HT neurons (Aghajanian and Haigler 1974; Allers and Sharp 2003). However, lwDR 5-HT neurons demonstrated significantly faster firing rates (2.2 Ϯ 0.4 Hz, n ϭ 6, P ϭ 0.042, Fig. 3 ). This suggests that the differences in intrinsic excitability of DR 5-HT neurons directly affect the in vitro firing rate, also likely contributing to differences in 5-HT cell firing rate and 5-HT output in vivo.
Autoreceptor-mediated responses of vmDR and lwDR 5-HT neurons
The 5-HT 1A autoreceptor-mediated response is a defining characteristic of vmDR 5-HT neurons, but has yet to be characterized in lwDR 5-HT neurons. It is unknown whether there are differences in autoreceptor responses that may contribute to the increased excitability of lwDR 5-HT neurons. During current clamp recordings at the neuron's RMP, bath application of the 5-HT 1,7 R agonist 5-CT (100 nM) was applied following assessment of membrane characteristics. 5-CT elicited a measurable membrane hyperpolarization and decrease in membrane resistance in all recorded 5-HT neurons, except 1 vmDR 5-HT neuron (Fig. 4) . Each hyperpolarization was within the linear range of the V-I plot generated for each neuron (data not shown). The magnitude of the hyperpolarization in vmDR and lwDR neurons is shown in Fig. 4B . Because the lwDR responses were not normally distributed, the nonparametric Mann-Whitney U test was used to compare the two groups, revealing no significant difference in 5-HT 1A R-mediated hyperpolarization (P ϭ 0.182). Membrane resistance, measured by the change in membrane potential elicited by a A: graph depicting the membrane resistance before (Ctrl) and after 5-CT bath administration of 100 nM 5-CT in vmDR and lwDR recordings. 5-CT decreased membrane resistance in both vmDR and lwDR 5-HT neurons. Inset: raw data trace of membrane hyperpolarization and decreased resistance generated by administration of 5-CT (scale bar: 20 mV, 50 ms). B: graph depicting the distribution of the change in membrane potential, i.e., membrane hyperpolarization, for all recorded neurons following administration of 5-CT. C: graph depicting the distribution of the change in membrane resistance induced by 5-CT in the vmDR and the lwDR. In the lwDR the change in resistance was distributed into 2 major groups. ###P Ͻ 0.001, F-test for differences in variance. D: correlation between the change in resistance and position along the rostrocaudal axis for lwDR neurons. The magnitude of the 5-CT response in lwDR cells was correlated to the rostrocaudal position, where cells with the largest 5-CT responses were located in the caudal regions of the DR. Rostrocaudal levels indicated in Fig. 1 . Correlation determined by Spearman's test. periodic 30 pA current pulse, was used to quantify change in the resistance imparted by the G protein coupled K channels that mediate the 5-HT 1A R response (Fig. 4, A and C) . The average change in resistance in vmDR 5-HT neurons was Ϫ192.1 Ϯ 18.2 M⍀ (baseline resistance 415.2 Ϯ 28.4 M⍀, n ϭ 13), whereas the average change in lwDR 5-HT cells was Ϫ340.3 Ϯ 65.1 M⍀ (baseline resistance, 544.1 Ϯ 58.5 M⍀, n ϭ 12); there was no significant difference (Mann-Whitney test, P ϭ 0.383). However, the variance of lwDR 5-HT 1A R-mediated responses was significantly larger than that of vmDR responses (F-test, P Ͻ 0.0001, Fig. 4C ). Responses within the lwDR were distributed into two major groups according to the magnitude of the 5-CT-induced change in resistance, where large responses were above the mean and small responses below the mean. The response of a single cell that was near the mean was not included in either group in further analysis. Within the lwDR, small 5-HT 1A R-mediated responses (109.8 Ϯ 17.0 M⍀, n ϭ 6) were significantly smaller than those measured in the vmDR (P ϭ 0.013), whereas large responses were significantly larger (572.6 Ϯ 17.6 M⍀, n ϭ 6, P Ͻ 0.0001). Although those cells with large and small responses did not differ according to any other parameters, there was a significant correlation between larger 5-HT 1A R-mediated responses and more caudal localization within the lwDR (Fig. 4D , Spearman's r ϭ Ϫ0.617, P ϭ 0.025). In addition, larger 5-HT 1A autoreceptor responses were also correlated with higher initial membrane resistance (Spearman's r ϭ 0.571, P ϭ 0.041) and larger AHP amplitude (Spearman's r ϭ 0.610, P ϭ 0.027). Other than the 5-CT-induced change in resistance, no parameter was correlated to rostrocaudal position in the lwDR. No correlation between the magnitude of the 5-HT 1A R-mediated response and rostrocaudal position or initial membrane resistance was seen in the vmDR (rostral position: r ϭ 0.09, P ϭ 0.762; initial membrane resistance: r ϭ 0.196, P ϭ 0.563).
To ensure that 5-HT 1A R-mediated responses in the lwDR were mediated by the same underlying inward rectifying potassium current seen in previous studies (Innis et al. 1988; Okuhara and Beck 1994) , voltage ramps were conducted in several cells to measure current elicited before and after 5-CT administration. The 5-CT activated current was determined by subtracting the 5-CT response from the baseline current and the reversal potential for the 5-CT-induced current was determined by the x-intercept of the plot of activated current versus input voltage (data not shown). The reversal potential was comparable in the vmDR (Ϫ78.9 Ϯ 1.3 mV, n ϭ 4) and the lwDR (Ϫ82.8 Ϯ 5.0 mV, n ϭ 4 P ϭ 0.481). Given the junction potential of approximately ϩ15 mV (see METHODS), the reversal potentials lie close to the theoretical equilibrium potential for K ϩ (Ϫ99.1 mV, determined by the Nernst equation). This suggests that the G protein coupled inward rectifying K channels responsible for 5-HT 1A R responses in other brain regions (Innis et al. 1988; Okuhara and Beck 1994 ) also underlie the responses measured in both vmDR and lwDR neurons.
Because 100 nM 5-CT elicited changes in resistance that ranged from Ϫ64.6 to Ϫ647.5 M⍀, we wanted to know whether this broad range of responses represented differences in the concentration-response curve of individual neurons. First, to determine whether 5-HT 1A R-mediated responses desensitize in the mouse DR, repeated doses of 5-CT were administered and responses measured by both current clamp and voltage clamp recordings in 5-HT neurons. Although the 5-HT 1A R-mediated response did not desensitize in some cells, the responses of several 5-HT neurons in both the vmDR and lwDR did desensitize. In the vmDR, two of three 5-HT neurons demonstrated a degree of desensitization, in which the second response was on average 81.4 Ϯ 4.8% of the first response. In the lwDR, two of three 5-HT neurons demonstrated a degree of desensitization, in which the second response was on average 82.3 Ϯ 8.3% of the first response (data not shown). These results precluded repeated application of 5-CT to obtain data for the construction of concentration-response curves in individual cells.
Distinguishing characteristics are found among another stress-activated subpopulation of DR neurons
We hypothesize that the distinctive intrinsic membrane properties described earlier are a crucial part of the mechanism that makes lwDR neurons more excitable in slice preparations and preferentially activated by stressors in the intact brain. We therefore expect that other subpopulations of 5-HT neurons activated by stressors would have intrinsic membrane properties that are similar to those of lwDR 5-HT cells. Rostral vmDR 5-HT neurons are activated by several stressors, albeit to a lesser extent than lwDR 5-HT neurons (Bouwknecht et al. 2007; Commons 2008; Hale et al. 2008) . To understand whether intrinsic membrane properties may also contribute to rostral vmDR activation, we analyzed the correlation between vmDR cellular characteristics and the position of the recorded neuron along the rostrocaudal axis. Indeed, a more rostral position within the vmDR was positively correlated with a smaller activation gap, larger tau, longer AHP duration, and, most notably, increased firing rate elicited by 80 pA of current (Fig. 5 ) and larger gain (Spearman's r ϭ Ϫ0.562, P ϭ 0.012, data not shown). There was also a trend toward a correlation between rostral position and larger resistance (Pearson's r ϭ Ϫ0.373, P ϭ 0.115) as well as lower AP threshold (r ϭ 0.396, P ϭ 0.116).
We then conducted a direct comparison between lwDR cells, rostral vmDR neurons (levels 1 and 2 in Fig. 1) , and the remaining midcaudal vmDR neurons (levels 3-6 in Fig. 1) . Two-way ANOVA with Bonferroni posttests were used to evaluate the frequency intensity plots, whereas one-way ANOVA analyses with Tukey-Kramer posttests were used for all other comparisons. The frequency-intensity plot of rostral vmDR cells closely resembled lwDR cells, indicating both an increased excitability and increased gain when compared with those of midcaudal vmDR neurons (Fig. 6A) . In both rostral vmDR and lwDR neurons, the firing rate during an 80 pA input current step was larger than that of midcaudal vmDR cells (P ϭ 0.005, rostral vs. midcaudal, P Ͻ 0.05; lwDR vs. midcaudal, P Ͻ 0.01, Bonferroni posttests), as was the gain (P ϭ 0.001, rostral vs. midcaudal, P Ͻ 0.05, lwDR vs. midcaudal, P Ͻ 0.01, Tukey-Kramer posttests). Both lwDR and rostral vmDR neurons demonstrated a smaller activation gap and larger tau than those of midcaudal vmDR cells (Fig. 6, B and C) . For several parameters, rostral vmDR cells did not differ from either group, whereas lwDR cells remained significantly different from midcaudal vmDR cells; these parameters included resistance, AP threshold, AHP amplitude, and AHP t 1/2 (Fig. 6, D-G) . The AP duration and 5-HT 1A R-mediated responses did not differ between rostral and midcaudal vmDR cells and remained distinguishing factors for lwDR 5-HT neurons (Fig. 6, H  and I) . Thus the rostral vmDR cells share many of the same membrane properties that typified lwDR 5-HT neurons, including increased excitability, larger gain, smaller activation gap, and larger tau than those of midcaudal vmDR neurons. The common parameters of lwDR and rostral vmDR neurons suggest a common physiological mechanism for the stress-induced neuronal activation that has been observed in both subpopulations.
D I S C U S S I O N
Behavioral studies have previously demonstrated that stressors activate lwDR 5-HT cells more than vmDR 5-HT cells (Commons 2008; Johnson et al. 2008 ); however, a mechanism underlying this difference has not been identified. In this study, whole cell patch clamp electrophysiology experiments demonstrated that lwDR 5-HT neurons possess distinctive membrane properties that make lwDR neurons more excitable than vmDR neurons. The increased excitability is intrinsic to the lwDR 5-HT neuron (i.e., independent of synaptic input) and is accompanied by faster firing rates demonstrated in vitro.
Active and passive membrane properties likely contribute to excitability
Among passive membrane properties, the resistance was notably larger in lwDR neurons and likely contributed to the increased excitability seen in frequency-intensity plots. In addition, the larger tau seen in lwDR cells would result in greater summation of postsynaptic potentials, such as would occur with the full complement of synaptic connections of the intact brain.
Analysis of active membrane properties revealed that the AP threshold was more hyperpolarized in lwDR neurons; this could also contribute to increased excitability. The lower AP threshold in lwDR 5-HT neurons may be due to differences in the kinetics of the voltage-gated Na channels or in the subtypes of Na channels expressed in the lwDR. Because AP amplitude was measured relative to threshold, the lower AP threshold of lwDR neurons contributed to the larger AP amplitude; however, it would not account for the larger AHP amplitude. In the presence of Ca-channel blockers, lwDR 5-HT neurons demonstrated a larger decrease in AHP amplitude than that in vmDR neurons. In addition, the effect of apamin was only a fraction (ϳ53%) of that of CdCl 2 , which may indicate that apamininsensitive Ca channels also contribute to the AHP in 5-HT neurons. Based on these data we propose that the influence of Ca 2ϩ influx is greater in the lwDR than that in the vmDR, possibly due to an increased Ca 2ϩ conductance, increased membrane expression of Ca channels, or increased release of calcium-induced calcium release. The AHP of lwDR neurons may therefore be more sensitive to signaling that alters intracellular Ca 2ϩ levels, including but not limited to neurotransmitter receptor pathways (Pan et al. 1994) .
Blockade of SK channels in midline DR 5-HT neurons results in burst firing patterns in vivo and irregular firing patterns in vitro (Crespi 2009; Rouchet et al. 2008) . The data presented earlier constitute the first evidence that apaminsensitive SK channels are present in lwDR neurons in the mouse, where they likely contribute to regular firing patterns as they do in midline 5-HT neurons of the rat. In the presence of apamin a small early component of the AHP persisted in all recorded neurons. The early component also persisted in vmDR recordings following CdCl 2 application, but was attenuated by CdCl 2 in the lwDR. This finding is consistent with midline DR studies in which apamin blocks only the late component of the AHP (Pan et al. 1994 ) and blocks only 80 -90% of the postactivation outward current that underlies the AHP (Freedman and Aghajanian 1987) . One explanation for the persistent early AHP component is that some of the channels involved in the falling phase of the action potential 1) drive the early component of the AHP, 2) are not Ca dependent, and 3) are more abundant in vmDR neurons than in lwDR neurons. Another explanation is that an inward tail current, as has been demonstrated in midline DR neurons (Penington and Kelly 1993) , is larger in lwDR neurons and attenuates the early AHP in this subpopulation. Further experiments will help distinguish between these possibilities.
The physiological significance of differences in membrane properties between the DR subregions was demonstrated by in vitro recordings of firing rate. Extracellular single unit recordings demonstrated that lwDR 5-HT neurons have a faster firing rate than that of vmDR 5-HT neurons. This suggests that the increased intrinsic excitability of lwDR 5-HT neurons has significant functional consequences, resulting in increased sensitivity to the noradrenergic signals required for the characteristic firing pattern of 5-HT neurons Aghajanian 1980, 1981; Vandermaelen and Aghajanian 1983) . The increased excitability of lwDR neurons was independent of synaptic input, although additional neurotransmitters may modulate 5-HT activity in vivo. With the full complement of synaptic connectivity in the intact brain, the increased gain of lwDR 5-HT neurons would translate into increased 5-HT output in response to excitatory modulating input from stressactivated afferents.
Correlative analysis of vmDR 5-HT neurons throughout the rostrocaudal axis revealed that vmDR cells with more rostral position tended to be more excitable. In addition, the rostral subset of vmDR neurons was largely comparable to that of lwDR neurons and significantly more excitable than the mid- FIG. 6. Unlike midcaudal vmDR 5-HT neurons, rostral vmDR 5-HT neurons were comparable to lwDR 5-HT neurons according to several parameters. Graphs demonstrate the comparison between all lwDR neurons, rostral vmDR neurons (levels 1 and 2), and midcaudal vmDR neurons (levels 3-6; see Fig. 1) . A: the frequency-intensity plot demonstrates that rostral vmDR cells had increased excitability and gain that were comparable to those of lwDR cells and were distinct from midcaudal vmDR cells. ***P Ͻ 0.001, lwDR vs. midcaudal vmDR, 2-way ANOVA Bonferroni posttest; ##P Ͻ 0.01, ###P Ͻ 0.001, rostral vmDR vs. midcaudal vmDR, 2-way ANOVA, Bonferroni posttest. B: the activation gap and (C) tau values of lwDR and rostral vmDR cells differed significantly from those of midcaudal vmDR cells. D-G: for several parameters, lwDR cells differed significantly from midcaudal vmDR cells but rostral vmDR cells did not differ from either group. These included (D) resistance, (E) AP threshold, (F) AHP amplitude, and (G) AHP t 1/2 (time it takes for the AHP to depolarize to one-half its peak amplitude). H: the bimodal distribution of 5-CT responses was unique to the lwDR, whereas rostral vmDR neurons remained comparable to midcaudal vmDR neurons. I: both rostral and midcaudal vmDR neurons remained distinct from lwDR neurons in AP duration. One-way ANOVA and Tukey-Kramer posttest used for B-I. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001 obtained from posttests.
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caudal subset of vmDR 5-HT neurons. Rostral vmDR 5-HT neurons are a stressor-activated subpopulation (Bouwknecht et al. 2007; Commons 2008; Hale et al. 2008 ), thought to be part of the ascending mesostriatal serotonergic system related to behavioral arousal and motor function (Imai et al. 1986a,b; Loughlin and Fallon 1982; Lowry 2002; Steinbusch et al. 1981; Waselus et al. 2006) . Interestingly, the distinctive membrane properties of rostral vmDR-i.e., firing rate, activation gap, AHP duration, and tau-were among the distinguishing properties of lwDR 5-HT neurons. This finding further supports the hypothesis that this constellation of membrane characteristics, which typifies lwDR 5-HT neurons, forms the physiological mechanism underlying increased responsiveness to stress. Furthermore, increased AP duration and large 5-CT responses were restricted to lwDR cells and absent in rostral vmDR cells, suggesting that prolonged AP duration and enlarged 5-HT 1A R-mediated responses do not play a crucial role in the increased excitability of 5-HT neurons.
Heterogeneous subpopulations of DR 5-HT neurons are topographically organized
The heterogeneity of 5-HT neurons has become more evident over recent years. Extracellular in vivo recordings in the DR paired with juxtacellular labeling has revealed small subsets of 5-HT neurons with unique properties, including fast firing rates, bursting activity, and synchronization with theta rhythm (Allers and Sharp 2003; Hajos et al. 2007; Kocsis et al. 2006 ). Previously we found differences between median raphe and vmDR 5-HT membrane properties in the rat (Beck et al. 2004 ). The results reported here are the first to be obtained from immunohistochemically identified 5-HT cells in the mouse and provide additional evidence for the heterogeneity of 5-HT neurons. Subsets of neurons found mostly in the vmDR demonstrated rectification or I h currents (Supplemental Fig.  S1 ) that are typically seen in non-5-HT neurons (Beck et al. 2004 ).Thus there is likely a topographic distribution of the channels that mediate these currents or differential posttranslational modification of these channels within 5-HT cells.
Our experiments also highlighted a subset of lwDR neurons with larger 5-HT 1A R responses than those of vmDR 5-HT neurons. Correlation analysis showed that lwDR neurons demonstrating large membrane resistance and more caudal position were most likely to have large 5-HT 1A R-mediated responses. Neurons with large 5-HT 1A R responses may have increased receptor expression, efficacy of coupling to G i/o effector molecules, and/or affinity to the agonist 5-CT. We could not obtain reliable concentration-response data from individual cells because of desensitization of the 5-HT 1A R-mediated response. The desensitization is consistent with a previous study that demonstrated that 5-HT 1A R in the DR internalize when activated (Riad et al. 2001) . Techniques other than those used in the preceding experiments may yield more useful insight with respect to the relative abundance of 5-HT 1A R in the lwDR as well as the efficacy of other components of the signaling pathway.
Implications for the neural circuits that mediate stress
Although a wide range of stressors preferentially activate lwDR neurons (Berton et al. 2007; Chung et al. 2000; Commons 2008; Gardner et al. 2005; Johnson et al. 2004 Johnson et al. , 2008 Martinez et al. 1998 Martinez et al. , 2002 Roche et al. 2003) , the data presented here fill the void in our understanding of why lwDR 5-HT neurons are more responsive. The intrinsic membrane properties of lwDR neurons contribute to a heightened gain, enabling lwDR 5-HT cells to convert converging input from a stress-activated circuit into greater output in projection regions that are responsible for physiological and behavioral responses to stressors.
A few tracer studies in the rat describe the afferent input to the DR with respect to the lwDR subregion or the rostrocaudal axis. The major limbic forebrain input to the DR extends from the lateral habenula and medial prefrontal cortex, regions that have a higher density of input to the lwDR than to the vmDR (Araki et al. 1988; Peyron et al. 1998; Varga et al. 2003) . The locus coeruleus, long thought to be the primary driver of spontaneous firing in the raphe, exhibits input of equal density to the vmDR and lwDR (Kim et al. 2004 ). Inputs from the medial amygdala primarily innervate the vmDR, whereas the lateral portion of the medial amygdala and the central amygdala innervate the lwDR (Lee et al. 2007 ). In addition, fibers containing the stress hormone corticotropin releasing factor (CRF) course from the interfascicular region of the rostral vmDR, through the middle DR, toward the dorsolateral edge of the caudal lwDR (Kirby et al. 2000; Valentino et al. 2001; Waselus and Van Bockstaele 2007) . Thus to complement their unique intrinsic physiology, there are also anatomic factors that make lwDR neurons well suited for integrating input known to be part of the neural circuitry that mediates stress-i.e., input from CRF fibers, the limbic forebrain, the central amygdala, and afferents with diffuse projections throughout the DR.
Although the DR is known for its forebrain serotonergic projections, only vmDR and dorsomedial neurons project to the cortex, whereas lwDR projections are primarily to subcortical targets . The lwDR descending output to the dorsolateral periaqueductal gray (dlPAG) and the rostral ventrolateral medulla (RVLM) is a crucial part of the circuitry that mediates the response to stressors. Serotonergic projections from the lwDR inhibit the dlPAG and RVLM, thereby attenuating sympathoexcitatory behavioral responses and decreasing vasopressor responses to stress (Bago and Dean 2001; Bago et al. 2002; Beckett and Marsden 1997; Beckett et al. 1992; Johnson et al. 2004; Underwood et al. 1999) . The emerging hypothesis is that the lwDR 5-HT neurons are activated and help inhibit sympathetic excitation as part of the normative response to innocuous stressors. This circuit is dysregulated in a rat model of panic disorder, in which decreased activation of lwDR neurons accompanies excessive panic-like responses to a mild stressor (Johnson et al. 2008) .
In summary, the increased intrinsic responsiveness of lwDR neurons distinguishes them from vmDR neurons and likely underlies both their increased in vitro firing rate and increased propensity to be activated by an array of stressors. Their anatomic location near putative stress-related inputs in concert with increased intrinsic gain make lwDR 5-HT neurons particularly suited for generating output to sympathomotor targets and forebrain regions involved in adaptive responses to stress. Because the excitability of lwDR 5-HT neurons is an underpinning of the normative response to stressors, dysregulation of lwDR neurons likely contributes to the pathobiology of anxiety and other stress-related mood disorders.
